Positrons can be trapped in localized states at the surface of a material, and thus quite selectively interact with core or valence surface electrons. Hence, advanced surface positron spectroscopy techniques can present the ideal tools to study a topological insulator, where surface states play a fundamental role. We analyze the problem of a positron at a TI surface, assuming that it is a weakly physisorbed positronium (Ps) atom. To determine if the surface of interest in a material can sustain such a physisorption, an accurate description of the underlying van der Waals (vdW) interaction is essential. We have developed a first-principles parameterfree method, based on the density functional theory, to extract key parameters determining the vdW interaction potential between a Ps atom and the surface of a given material. The method has been successfully applied to quartz and preliminary results on Bi2Te2Se indicate the existence of a positron surface state. We discuss the robustness of our predictions versus the most relevant approximations involved in our approach.
Topological insulators (TIs) are materials with a bulk electronic structure that is insulating, but which possess at their surface "protected" conducting states. These surface states result, remarkably, from the time-reversal symmetry and topology of the bulk electronic structure, and are protected in the sense that they cannot be altered by impurities or defects if these do not break the time-reversal symmetry. Quite crucially, the surface states of a TI have their spin and momentum coupled [1] . To further our understanding of TIs, there is great interest in probing directly these surface states, and positron spectroscopy offers the ideal tools for this purpose. Indeed, it is known that after irradiation of a material with a positron beam, positrons can diffuse to the surface and may be momentarily trapped, or bound to it, if such a surface state exists [2] . More recently, a method based on an Auger process was devised to directly deposit positrons at a surface bound state using slow positron beams [3] . The signals from the subsequent positron annihilation with core or valence electrons are collected in experiment with various techniques, such as positron annihilation lifetime, Doppler broadening of annihilation radiation, two-dimensional angular correlation of annihilation radiation, or positron annihilation-induced Auger electron spectroscopy [2, 4, 5, 6] . If the annihilating positron is at the surface, the collected signals contain crucial information about the electronic properties, structure, and composition of the surface. Moreover, since spin-polarized positron beams can be used and annihilation occurs only with electrons of opposite spin, the spin of the probed states can be known.
Thus, to study the surface states of a TI with positron spectroscopy, it is of the greatest interest to determine whether positrons can be bound to its surface. In this regard, an important model for positron-surface interactions was advanced by Platzman and Tzoar [7] . These authors viewed a positron in a low density electron gas as a weakly physisorbed positronium (Ps) atom (i.e, an electron-positron bound state). A few years ago, this idea was applied with success to the Ps-quartz surface interaction. Indeed, using essentially a first-principles approach, Saniz et al. [8] found a bound state for Ps on quartz with an energy close to the experimental value [9] , solving a long standing disagreement between theory and experiment [10] .
Current state-of-the-art ab initio techniques, based on density functional theory (DFT) [11] , allow an accurate determination of the structural and electronic properties of narrow band gap semiconductors, such as the TIs. This means that one can theoretically determine with reliability the potential seen by an atom at their surface and, thus, whether Ps can be bound to it and what its binding energy would be [12] . In the following we describe how this is achieved. As an example, we consider Bi 2 Te 2 Se, a well known tetradymite TI [13, 14] . Our preliminary results indicate that Ps should have a bound state on the (111) surface. In this respect, we note that very recently the group of A. Weiss has produced very encouraging evidence for the presence of a positron surface state on the surface of Bi 2 Te 2 Se [15] .
The interaction between a physisorbed atom and a crystal surface is given by an attractive van der Waals potential away from the surface, and a short-ranged repulsive potential close to it. If z denotes the coordinate of the atom with respect to the crystal surface, the interaction is given by [10, 16, 17, 18] v
The repulsive part is proportional to the valence electron density near the surface of the crystal. Specifically, define ρ z as the electron density at coordinate z, averaged over the section of the unit cell perpendicular to the z axis. ρ z will decay exponentially away from the point at which the contribution of the core electrons to the density vanishes. This point, z 0 , defines the "background edge". λ is the exponential decay length. The amplitude of V 0 is given by the negative of the Ps work function [10] . The latter is given by ǫ Ps = −A + − 6.8 eV, with A + the positron affinity given by A + = µ − + µ + , where µ − and µ + are the electron and positron chemical potentials, respectively [19] . The van der Waals attraction decreases essentially as the inverse cubic power of the "distance" of the atom to the surface. This distance is measured from the background edge, z 0 [17] . The proportionality constant (van der Waals constant), C, is given by
with ε the dielectric function of the material and α the polarizability of the adatom [17] . F 3 is the damping, or regularization function, introduced by Patil and co-workers [18] , ensuring that the adatom-surface interaction does not diverge at the reference position, z 0 . Except for the Ps polarizability, all the above quantities can be calculated with first-principles methods, as already indicated. The polarizability of Ps is most easily determined by rescaling the polarizability of the H atom, which is well parametrized [20] . We discuss the calculation of the other quantities here. The most common exchange-correlation functionals used in DFT based calculations, such as the local-density approximation (LDA) or the Perdew-Burke-Ernzerhof approximation (PBE), are typically able to describe with good accuracy the structural properties of surfaces. However, it is important to realize that these functionals suffer from the well-known band gap problem. That is, the band gap and energies of the excited states of semiconductors and insulators are seriously underestimated when using these functionals. In the case of narrow gap semiconductors, such an error can lead to their erroneous description as metals. Given that incorrect gap and excited state values can lead to an incorrect dielectric function, it is important to follow a calculation scheme that does not present this problem. One can obtain a much better description of the electronic structure of semiconductors and insulators within the GW approximation [21, 22] . However, this approximation is computationally very expensive, and an accurate calculation of the dielectric function over sufficiently large frequency range is prohibitive. A less expensive approximation is provided by hybrid functionals, such as the HSE06 [23] . In essence, the latter combines the PBE exchange functional at long range, with Hartree-Fock exchange at short range. This is because the PBE (or the LDA) is known to overscreen the exchange interaction. The HSE06 hybrid functional has proven to provide accurate structural and electronic properties. In most ab initio codes, the imaginary part of the dielectric tensor is calculated through [26] Im ε ij (ω) = 4π 2 e 2 Ω lim
where Ω is the unit cell volume, and ǫ ck is the energy of conduction band state c with momentum k, w k denoting the cell-periodic part of the corresponding wavefunction (u k is the k-point weight). The real part, Re ε ij (ω), is obtained with the Kramers-Kronig relation (see Ref. [26] for details). One final point is that in materials with heavy ions, spin-orbit interactions can contribute importantly to the properties of materials. This is the case of TIs, in which spinorbit coupling leads to the band inversion that is responsible for the existence of the topologically protected surface states which give the Dirac cone. Thus, it is important to include spin-orbit coupling in ab initio studies of topological insulators. Such computations are considerably more expensive, but are still tractable on large parallel computers. We have applied the above scheme to find out if Ps has a bound state on the surface of Bi 2 Te 2 Se. For this purpose we used the Vienna ab initio simulation package (VASP) [24] . The calculation of the structure and electron density at the surface of a slab were done using the PBE functional. Figure 1(a) shows a partial side view of the slab used for this calculation (the slab in the calculations is three quintuple layers thick), as well as the average electron density profile in the z-direction. The position of the background edge (which we find to be 1.55Å) is also indicated. The electron density decay length is 0.35Å. The calculations of the electronic structure were done with the experimental lattice structure parameters [25] , and using the hybrid HSE06 exchange-correlation functional. The band structure along high symmetry lines is shown in Fig.1 (b) . The dielectric function was calculated using a 12 × 12 × 12 k-point mesh, and up to 480 bands, resulting in a van der Waals constant C = 15.95 eV a 3 0 (a 0 = Bohr radius). Finally, our estimate of the Ps work function in BiTe 2 Se 2 yields a value close to zero (−0.034 eV). This is based on calculations of the electron and positron chemical potentials with the Abinit code [27] , using the functional of Puska et al. [28] . With these parameters we find a bound state with energy −0.27 eV. This is a preliminary result because of some of the simplifying assumptions in the calculations. Indeed, in this first study, spin-orbit coupling was not included [except for the band plot in Fig. 1(b) ]. This represents heavier calculations, which we are currently performing. Also, we used an approximate value for the Ps work function in BiTe 2 Se 2 , whose small value has yet to be confirmed. It would be of great interest to have this value determined experimentally. Thus, the final theoretical binding energy may deviate somewhat from the value we report here, but our result is robust to small variations of the different parameters determining the physisorption potential, and we do not expect the main conclusion of our work to be different.
